Recently we considered the electromagnetic decays of the orbitally-excited SU(6) 70-plet baryons in large-N c QCD, fitting to the helicity amplitudes measured in photoproduction experiments. Using the results of this analysis, we predict the helicity amplitudes for the decays N * → ∆γ and ∆ * → ∆γ. These decays can be studied at a number of new experimental facilities, and thus provide another nontrivial test of the lowest order large-N c predictions.
Introduction
While the QCD gauge coupling is not perturbative at low energies, it is nonetheless possible to formulate an expansion in terms of the parameter 1/N c , where N c is the number of colors [1] . In recent years, effective field theories for baryons have been constructed that exploit this fact, allowing physical observables to be computed to any desired order in 1/N c . For the ground state baryons, the SU(6) 56-plet, the large-N c approach has been used successfully to study SU(6) spin-flavor symmetry [2, 3, 4, 5, 6] , masses [4, 7, 8, 9] , magnetic moments [4, 8, 9, 10, 11, 12] , and axial current matrix elements [2, 4, 8, 12] .
Whether the large-N c framework works equally well in describing the phenomenology of excited baryon multiplets is a question that is under active investigation. Recent attention has focused on the ℓ = 1 orbitally-excited baryons, the SU(6) 70-plet for N c = 3. There have been studies of the masses [13, 14] , strong decays [15, 16] , axial current matrix elements [17] , as well as the radiative decays of these states to ordinary nucleons [18] . However, the radiative decays to ∆ final states have not been considered, and are of considerable interest, as we describe below. These decays will be the main focus of this paper.
There is a good reason why much of the past literature [19, 20] has focused on the radiative decays of excited baryons to nucleons rather than deltas: these are the decays for which there is experimental data. The helicity amplitudes that describe the decays to nucleons are extracted experimentally by considering instead the time-reversed process, pion photoproduction. Information is available for the decays to nucleons simply because the fixed targets used in experiment are made of nucleons, not deltas. To study the decays of excited baryons (in our case N * 's or ∆ * 's) to ∆γ not only requires that we produce enough excited states to make up for the small electromagnetic branching fractions, but also that we reconstruct a sufficient fraction of the events given the final three decay products. The 1998 Review of Particle Physics [21] lists no data for the ∆γ partial decay widths, nor for the more challenging helicity amplitudes, which require data on the angular distributions of the decays.
One reason why an analysis of the decays to ∆γ is of timely interest is the possibility that the experimental situation may soon change, given, for example, the ongoing work at the Continuous Electron Beam Accelerator Facility (CEBAF). CEBAF's high integrated beam luminosity, combined with the CEBAF Large Angle Spectrometer's (CLAS) efficiency for detecting photons in the forward direction makes study of the decays N * → ∆γ and ∆ * → ∆γ a possibility worthy of consideration. The Crystal Ball detector at Brookhaven may also allow study of the ∆γ decays, with excited baryons produced via a pion rather than a photon beam.
In this paper we will present our predictions for the ∆γ decay amplitudes based on the large-N c operator analysis of Ref. [18] . The leading-order predictions following from single quark as well as single plus multiquark interactions are presented in algebraic and numerical form in the following section. Study of the the ∆γ decays can give us further information on the significance of the multibody interactions that are included systematically in the large-N c approach, but are less frequently taken into account in quark model analyses. While we will not embark on any detailed accelerator simulations to address the question of precisely how well the radiative decays to ∆'s can be measured at various facilities, we will provide in the third section a discussion of how the amplitudes we predict can be extracted from the differential decay widths measured in experiment. We hope this will provide strong motivation for experimenters to explore how well they can do. In the final section we summarize our conclusions.
Decay Amplitudes
In this section, we present our predictions for the N * → ∆γ and ∆ * → ∆γ helicity amplitudes. These follow directly from the large N c operator analysis of Ref. [18] . The formulation of an effective theory for baryons in the large-N c limit has been discussed extensively in Refs. [5, 15] , so we will only provide a brief summary here: Baryon states can be conveniently labeled by the SU(6)×O (3) where λ is an SU(3) flavor matrix, are often coherent on at least some of the states.
To isolate the corrections to a physical observable that appear at a given order in the 1/N c expansion, one must take into account both the factors of 1/N c that appear in the Lagrangian, as well as the compensating factors of N c that originate from taking matrix elements.
The analysis of radiative decays in Ref. [18] focused on the one-and two-body operators that contribute to the helicity amplitudes at leading order, O(N 0 c ). In Coulomb gauge, the one-body operators may be written:
3)
where the quark charge Q is a matrix in SU(3) flavor space, Q =diag(2/3, −1/3, −1/3), ε m is the polarization of the orbitally-excited quark, and an asterisk indicates that a given spin or flavor matrix acts only on the excited quark line. We assume that the derivatives in these operators are suppressed by the scale Λ QCD , which we have left implicit, for notational convenience. These operators are in one-to-one correspondence with the three operators included in conventional quark model analyses [22] ; the precise relationship is given in Ref. [18] . In addition to the operators above, a number of potentially coherent two-body operators were included in the analysis. The fits presented in Ref. [18] demonstrated that the one-body operators provide a reasonable description of the experimental data, with only one of the two-body operators yielding a significant reduction in the χ 2 of the fit. Therefore, we include this two-body operator in the present analysis,
where we have used the same labeling for undetermined coefficients as in Ref. [18] . Note that this operator has exactly the type of spin-flavor sum that may be coherent on a large-N c baryon state. The helicity amplitudes that we consider are defined by . The factor ξ is the sign of the πBB * vertex that would appear in the tree-level contribution to πB → Bγ; this renders our sign conventions consistent with our previous work [18] . Compared to the B * → Nγ decays, two additional helicity amplitudes, A −1/2 and A 5/2 , are required to compute physical observables. The dependence of various differential decay widths on the A λ are given in the following section.
Compared to our previous study of the B * → Nγ decays, the computation involved in the current work is identical, except that (1) we replace the spin-flavor wave function of the final state nucleon by that of a ∆, and (2) we compute one or two new matrix elements for each decay. The results we obtain for the A λ by evaluating the matrix elements of our four operators is presented in Table 1 , for N c = 3. There, B * J and B * J ′ represent baryon states with total spin J and total quark spin 1/2 and 3/2, respectively. The physical baryon states, however, are not eigenstates of the total quark spin. Two mixing angles are necessary to specify the s = 1/2 and s = 3/2 nucleon mass eigenstates. We define
and
as in Refs. [15, 18] . Using fit values for the operator coefficients and mixing angles, we can make numerical predictions for the A λ , for each physical baryon state. Our predictions are first presented in algebraic form in Table 1 , in the limit of no mixing. As in Ref. [18] , we absorb any factors of momentum/Λ QCD that appear in the operators into our definitions of the fit coefficients; at leading order in 1/N c , these factors are multiplicative constants over the entire baryon multiplet. This redefinition is equivalent to replacing derivatives by unit vectorsk. We present two sets of numerical predictions, corresponding to (i) a fit that includes only the one-body operators, and (ii) a fit that includes the one-body operators and the operator c 3 . These are shown in Tables 2 and  3 , respectively. While c 3 and a 1 appear in the same combination for the ∆γ decays, the same is not true for the Nγ decays, and thus the numerical fits are different. Note that the experimentally measured masses are used in evaluating the kinematical factor K. Our predictions correspond approximately to the fits presented in Tables II and III of Ref. [18] . There, the one-body fit treated the mixing angles as free parameters, while the fit that included the operator c 3 held the mixing angles fixed at the values determined from a large-N c analysis of the decays B * → Bπ [15] . The mixing angles in both cases agreed within errors. For the sake of consistency, we present all our predictions with the mixing angles set to the values given in Ref. [15] : θ N 1 = 0.61 ± 0.09 and θ N 3 = 3.04 ± 0.15.
Our two sets of predictions are qualitatively similar. There are a number of cases where the central values of amplitudes are noticeably shifted by the inclusion of the operator c 3 . However, taking into account the uncertainties in the fit parameters, these differences are 2-4 standard deviation effects. It is worth pointing out that new experimental data will lead to a reduction in the errors of our fit parameters, and hence to a clearer distinction between the predictions with and without the two-body operator effects. Nonetheless, Table 2 contains our most reliable predictions given the present data. We now consider how these amplitudes may be extracted from experiment. Table 1 : Helicity amplitude predictions in terms of the operator coefficients a 1 , b 1 , b 2 and c 3 , in the case of no mixing. HereÃ λ is defined by A λ = KξÃ λ . Amplitudes related to these by isospin have not been displayed.
Cross section formulas
The total decay rate for B * → ∆ + γ is
10) Table 2 : Helicity amplitude predictions, in GeV −1/2 , using parameter values from a onebody operator fit, approximately that of Table II in Ref. [18] (see the text):
where k is the momentum of the outgoing photon in the excited baryon rest frame. The formula is, of course, the same as the analogous expression for B * → Nγ, except for the substitution of m ∆ for m N in the numerator and the expanded range of λ.
The helicity amplitudes A λ can be found separately with more detailed measurement. We will record some of the relevant formulas. Our goal will be to show explicitly that a set of measurements can lead to separation of the |A λ |, rather than to do an exhaustive analysis of, for example, interference with the non-resonant background.
The excited baryon may be produced in a photonic or pionic reaction, Table 3 : Helicity amplitude predictions, in GeV −1/2 , using parameter values from the four parameter fit given in Table III 
14)
The angular distribution of the Delta decay involves two more angles. The decays of the B * and of the ∆ each define a plane, and the angle between them is the azimuthal angle φ.
There is also a polar angle θ N , defined in the ∆ rest frame as the angle between the emerging N and the ∆ helicity axis inherited from the B * rest frame. The angular distribution of the ∆ decay depends on its helicity. For example, if the Delta has a definite helicity λ ∆ , the decay distribution is proportional to
where P ℓ is a Legendre polynomial, and
The last part follows using λ = 1 − λ ∆ . All four helicity amplitudes can be separated if one measures the angular distributions of the outgoing N (or outgoing π) in addition to that of the outgoing γ. We will give the formulas for the double differential cross sections, including an explicit evaluation of the d-functions, separately for J = 1/2, 3/2, and 5/2:
and the lack of data appears to have engendered a paucity of theoretical study. However, measurements of the 70 → ∆γ are interesting for several specific reasons. First, they are a test of the SU(6) symmetry that arises in the large-N c limit for baryons of low spin within any given multiplet. The ∆ and the nucleon are both members of the 56-plet, and thus the 70 → ∆γ amplitudes are predictable in terms of the same SU(6)-breaking parameters that determine the 70 → Nγ decays. Considering the one body operators, there are three such parameters, and the fit to the 19 Nγ decays is decently good. If one assumes, as in the quark model, that only one-body decay operators are relevant, then the predictions for the ∆γ decays given in this paper provide 24 new opportunities to verify or vilify SU(6). Our predictions also provide a means of discerning effects of the most important two-body decay operators, those involving coherent sums over the large-N c baryon states.
Secondly, the 70 → ∆γ decays allow us to test the assumption that two-body operators proportional to quark spin sums have matrix elements that are incoherent. Since the ∆ spin is larger than that of the nucleon, it is possible that these subleading effects are not sufficiently suppressed for N c = 3 to justify the large-N c operator analysis. Then we might encounter large corrections not present in the Nγ decays. Such large multibody operator effects would lead to significant deviations from the predictions presented here, as well as a noticeable breakdown of the naive quark model.
